Insects of the family Chironomidae, also known as chironomids, are distributed worldwide in a variety of water habitats. These insects display a wide range of tolerance toward metals and organic pollutions. Bacterial species known for their ability to degrade toxicants were identified from chironomid egg masses, leading to the hypothesis that bacteria may contribute to the survival of chironomids in polluted environments. To gain a better understanding of the bacterial communities that inhabit chironomids, the endogenous bacteria of egg masses and larvae were studied by 454-pyrosequencing. The microbial community of the egg masses was distinct from that of the larval stage, most likely due to the presence of one dominant bacterial Firmicutes taxon, which consisted of 28% of the total sequence reads from the larvae. This taxon may be an insect symbiont. The bacterial communities of both the egg masses and the larvae were found to include operational taxonomic units, which were closely related to species known as toxicant degraders. Furthermore, various bacterial species with the ability to detoxify metals were isolated from egg masses and larvae. Koch-like postulates were applied to demonstrate that chironomid endogenous bacterial species protect the insect from toxic heavy metals. We conclude that chironomids, which are considered pollution tolerant, are inhabited by stable endogenous bacterial communities that have a role in protecting their hosts from toxicants. This phenomenon, in which bacteria enable the continued existence of their host in hostile environments, may not be restricted only to chironomids.
Introduction
Chironomids (Diptera: Chironomidae) inhabit virtually every type and condition of aquatic habitats (Armitage et al., 1995) . They undergo a complete metamorphosis of three aquatic life stages (eggs, larvae and pupae), followed by the terrestrial adult stage, during which they do not feed or bite. Egg masses are laid on the surface of the water. Each gelatinous egg mass contains hundreds of eggs. Species of Chironomus display a wide range of tolerance toward metals and organic pollutions (Waterhouse and Farrel, 1985; Hellawell, 1986; Heliovaara and Vaisanen, 1993) . Winner et al. (1980) found that chironomids made up ca. 80% of the total fauna in a stream heavily polluted by Cu, Cr and Zn, whereas they constituted less than 10% in an unpolluted section of the same stream. In another study, the response of benthic invertebrate communities to heavy metals in the Upper Arkansas River Basin, Colorado, revealed that sites located downstream of the primary sources of heavy metals were dominated by chironomids, whereas the clean water reference stations were dominated by mayflies (Ephemeroptera) (Clements, 1994) . Despite the fact that chironomid tolerance toward pollution is well documented, their defensive mechanism in these contaminated environments is not fully understood (Armitage et al., 1995) .
Chironomus sp. egg masses have recently been found to be natural reservoirs of Vibrio cholerae (Broza and Halpern, 2001; Halpern et al., 2003 Halpern et al., , 2004 Halpern et al., , 2006 Halpern et al., , 2007a Broza et al., 2005; Halpern, 2010 Halpern, , 2011 and of pathogenic species of Aeromonas (Senderovich et al., 2008; Figueras et al., 2011; Beaz-Hidalgo et al., 2012) . Although V. cholerae is a stable resident in chironomid egg masses, it makes up less than 0.5% of the endogenous bacterial community prevalent in this habitat (Halpern et al., 2007a) .
When the bacterial community that inhabit the egg masses was studied using culturable methods, species from the following genera were cultured and identified: Acinetobacter, Aeromonas, Brachymonas, Exiguobacterium, Klebsiella, Leucobacter, Oceanobacillus, Paracoccus, Pseudomonas, Vibrio, Rheinheimera, Shewanella and Vibrio (Halpern et al., 2007a (Halpern et al., , b, 2009a Raats and Halpern, 2007; Senderovich et al., 2008) . Species of some of these genera are known for their ability to degrade toxicants, for example, Pseudomonas and Leucobacter (Halpern et al., 2007a (Halpern et al., , 2009a Halpern, 2011) . Similar results were obtained when denaturating gradient gel electrophoresis and cloning methods were used, indicating that the egg masses endogenous bacterial community is dominated by bacteria that are related to known detoxifying bacterial species (Senderovich and Halpern, 2012) .
Following our findings (Halpern et al., 2007a; Senderovich and Halpern, 2012) regarding the toxicant degradation potential of the endogenous bacterial community in chironomid egg masses, we hypothesized that bacteria may contribute to the survival of chironomids larvae in polluted environments. To test this hypothesis, we explored for the first time, the endogenous bacterial communities that inhabit chironomid egg masses and larvae by using 454-pyrosequencing. In addition, by applying Koch postulates we were able to demonstrate that chironomid endogenous bacterial species indeed protect their host from toxicants.
Materials and methods

Sampling of chironomids for pyrosequencing analysis
Chironomid egg masses and larvae were sampled in northern Israel near Haifa at the Tivon waste stabilization pond (longitude 699, latitude 618), between September 2007 and October 2010. The egg masses were collected on styrofoam boards (25 Â 25 cm) that were introduced into the water for 24 hours and served as artificial oviposition sites for adult females. Larvae were collected directly from the water. Immediately after collection, the egg masses and the larvae were brought into the laboratory. Each sample was washed five times and vortexed for 1 min in sterile saline water to remove any surface contaminants and any bacteria that were not attached to the egg mass or the larva. After washing, the egg masses and larvae were suspended in 2 ml 95% ethanol and kept at À 20 1C until further examination.
DNA extraction and FLX-titanium pyrosequencing Six egg masses and five larvae were crushed separately in 1 ml saline, using a sterile glass homogenizer. Total DNA was extracted using a DNA isolation kit (DNeasy Blood and Tissue, Qiagen, Hilden, Germany) according to the manufacturer's instructions and stored at À 20 1C.
Microbial diversity was assessed in the six chironomid egg masses and five chironomid larvae by using the bacterial tag-encoded FLX-titanium amplicon pyrosequencing approach (Bailey et al., 2010; Pitta et al., 2010) . This method is based upon similar principles as FLX-titanium amplicon pyrosequencing but utilizes titanium reagents and titanium procedures including a one-step PCR mixture of Hot Start and HotStar high fidelity taq polymerases, and amplicons originating and extending 350-450 bp from the 27 F region numbered in relation to Escherichia coli rRNA. The FLX-titanium amplicon pyrosequencing procedures were performed according to Wolcott et al., (2009) at the Research and Testing Laboratory (Lubbock, TX, USA) based upon RTL protocols (www. researchandtesting.com).
Sequence analysis
Amplicon lengths were 350-450 bp. A total of ca. 10 000 sequences per sample were obtained. Following sequencing, all failed sequence reads, low quality sequence ends, tags and chimeras were removed using the MOTHUR program (version 1.17.3) (Schloss et al., 2009) . Taxonomic assignment of the sequences was achieved by the classify.seqs script using the trainset6_032010.rdp database file.
Sequences that overlapped over the longest span were aligned using the align.seqs script of MOTHUR with the SILVA compatible alignment database (Pruesse et al., 2007) . The aligned data set was dereplicated to eliminate duplicate sequences. A distance matrix was calculated from the aligned sequences using the dist.seqs script, and operational taxonomic units (OTUs) defined by a 3% sequence distances level were assigned by hcluster script. We used an OTU rarefaction analysis to test whether the sampling regime adequately represented the bacterial diversity within each sample.
Principal coordinate analysis and analysis of molecular variance (AMOVA) were performed using this distance matrix. A newick-formatted tree that describes the dissimilarity (1-similarity) among multiple groups using the UPGMA (unweighted pair group method with arithmetic mean) algorithm and the distance between communities, was created by the tree.shared script.
Representative sequences of every OTU identified as Vibrio (accession numbers JQ431152-JQ431195) were separated from the other sequences by get.seqs script and were compared with those available in the GenBank database (http://www.ncbi.nlm.nih. gov), using the standard nucleotide-nucleotide BLAST program (BLASTN; http://www.ncbi.nlm. nih.gov), in order to identify these sequences to the species taxonomic level.
In order to find out more details about the members of the largest OTU that was present in every bacterial community associated with the larvae, representatives of this taxon were separated from other sequences by get.seqs script and taxonomically identified by classify.seqs script using the trainset6_032010.rdp database file, without (Chun et al., 2007) and PubMed database (http://www.ncbi.nlm.nih.gov/ pubmed/) to determine their homology. A phylogenetic tree of the representative members of this large OTU from larval samples and their relative sequences from the databases was generated using the neighbor-joining method with NJPlot (MEGA 4.1; Tamura et al., 2007) , based on alignments from CLUSTAL W.
Chironomid sampling for bacterial isolation and metal resistance bioassay Egg masses and larvae were sampled and treated in order to remove all the bacteria that were not firmly attached as described above.
Isolation of metal-resistant bacteria from egg masses and larvae Each egg mass and larva was crushed in 1 ml saline by using a sterile glass homogenizer. The homogenate was diluted and aliquots of 0. (Pattanapipitpaisal et al., 2001) . Briefly, DPC (0.025 g) was dissolved in 9.67 ml acetone and 330 ml of 3 M H 2 SO 4 was added.
The reaction mixture was set up in an Eppendorf tube containing the following: 200 ml sample or standard potassium chromate solution, 400 ml 20 mM MOPS-NaOH buffer pH 7.0, 33 ml 3M H 2 SO 4 , 40 ml 0.25% (w/v) DPC and 327 ml distilled water. Spectrophotometric measurements were carried out immediately at A 540 (Pattanapipitpaisal et al., 2001) .
Concentration of heavy metals in the sampling water
Lead and chromate concentrations were measured in the water from where the chironomids were sampled (Tivon waste stabilization pond), as described above.
Bioassay procedures
All the egg masses in the following experiments were freshly collected and treated by the washing procedure as described above. Egg masses were disinfected by immersing them for 3 min in 70% ethanol or in savior (cetrimide 0.5% w/v þ chlorexidine gluconate 0.05% w/v). The residue of the disinfectants was washed off in sterile distilled water. Untreated egg masses served as control. Each egg mass was transferred to a sterile tube containing 10 ml sterile distilled water for 48 h in order to let the larvae hatch. After hatching, 4-14 larvae were transferred to each well in a 24-well plates (the number of larvae per sample was not biased among treatments). Each well was supplemented with 2 ml of final solution as described below. In a preliminary experiment, Chromobacterium aquaticum (JQ582944) and Shewanella decolorationis (JQ582955) were isolated from larvae that hatched from untreated egg masses and survived in the presence of toxic metals (unpublished data).
Bioassay experiments with larvae after hatching Experiment A (Pb). Larvae that hatched from untreated and disinfected (savior) egg masses
The role of endogenous bacteria in chironomids Y Senderovich and M Halpern as described above, were exposed to 0.005 mM Pb(NO 3 ) 2. Each treatment was repeated six times. The experimental treatments were: (I) control larvae, exposed to 0.005 mM Pb(NO 3 ) 2 ; (II) savior disinfected larvae exposed to 0.005 mM Pb(NO 3 ) 2 ; (III) savior disinfected larvae exposed to 0.005 mM Pb(NO 3 ) 2 and supplemented with 10 6 cells per ml Chromobacterium aquaticum; (IV) control larvae in sterile water; and (V) disinfected larvae in sterile water (without metal supplementation).
Experiment B (Cr). Larvae that hatched from untreated and disinfected (70% ethanol) egg masses as described above were exposed to 0.05 mM K 2 CrO 4. Each treatment was repeated six times. The experimental treatments were: (I) control larvae, exposed to 0.05 mM K 2 CrO 4 ; (II) ethanol disinfected larvae exposed to 0.05 mM K 2 CrO 4 ; (III) ethanol disinfected larvae exposed to 0.05 mM K 2 CrO 4 and supplemented with 10 6 cells per ml Shewanella decolorationis; (IV) control larvae in sterile water; and (V) disinfected larvae in sterile water (without metal supplementation).
In both experiments (A and B), the 24-well plates were incubated at room temperature for 48 h, after which the dead and the surviving larvae were counted. Larvae were considered dead if they did not respond to gentle prodding. Surviving larvae from treatment no. III were crushed in a sterile glass homogenizer and streaked on LB medium supplemented with 0.5 mM Pb(NO 3 ) 2 or K 2 CrO 4 in order to check whether the added bacteria (Chromobacterium aquaticum or Shewanella decolorationis, respectively) can be reisolated as the major isolate. Suspected colonies were picked, subcultured four times on LB medium before examination and then were identified by 16S rRNA sequencing.
Statistical analysis of the bioassay results
The larval survival rates in experiment A (Pb) were negative for normal distribution (using SPSS, version 17.0) and thus, the differences between larval survival in the treatment groups were estimated using the Kruskal-Wallis nonparametric test. The larval survival rates in experiment B (Cr) were found to be normally distributed (using SPSS version 17.0); therefore, the differences between the larval survival in different treatment groups were estimated using the one-way-analysis of variance parametric test, followed by a post-hoc Tukey's test.
Chironomid identification
The taxonomic identification of chironomid species was performed by PCR amplification and sequencing of cytochrome oxidase subunit I gene (Folmer et al., 1994) . The sequences were compared with those available in the GenBank databases (http://www.ncbi.nlm.nih.gov), using the standard nucleotide-nucleotide BLAST program (BLASTN; http://www.ncbi.nlm.nih.gov), to determine their homology. The sequences were submitted to the GenBank database under accession numbers JQ025709-JQ025718.
Results
Chironomid identification
All the egg masses and larvae that were sampled and analyzed in this study were identified as Chironomus transvaalensis.
454-pyrosequencing of 16S rRNA genes
The diversity of the bacterial communities in chironomid egg masses and larvae was surveyed by 454-pyrosequencing of the 16S rRNA genes. Initially, ca. 10 000 sequences per sample were obtained. However, after the low quality sequences were removed, 6600 sequences on average ( ± 2500 s.d.) were analyzed per sample (72 900 sequences in total).
The richness of all the bacterial communities in the chironomid egg masses and larvae was estimated by rarefaction curves (Supplementary Figure S1) . Bacterial community in the egg masses was more diverse (ca. 1000 OTUs per sample, analyzed at 3% dissimilarity level) than the community identified in the larvae (ca. 580 OTUs per sample). The average of Good's coverage for the OTU definition was 89% for the egg mass samples and 95% for the larva samples. The Chao richness estimator measured 1966 in the egg mass and 1079 in the larva samples. Each larva harbored a dominant OTU that made up about 28% of its microbial community on average. This dominant OTU may explain the differences in the richness of the bacterial communities in egg masses and larvae.
We compared the overall bacterial communities composition using the principal coordinate analysis. This analysis revealed a strong clustering of the samples according to the insect life cycle stage (egg mass and larva), indicating that egg masses and larvae have distinct microbial communities (Figure 1 ). When the distance between the bacterial communities associated with chironomid egg masses and larvae was examined by the UPGMA algorithm, it was found that the egg masses and the larvae clustered separately (Supplementary Figure  S2) . This observation was verified by analysis of molecular variance (AMOVA) which showed that significant differences were found between the microbial communities associated with the egg masses and the larvae (F 1,9 ¼ 4.3, Po0.001).
Taxonomic analysis Taxonomic analysis of the sequences that were obtained by pyrosequencing revealed that the most prevalent phylum in the bacterial community associated with chironomid egg masses was
The role of endogenous bacteria in chironomids Y Senderovich and M Halpern Proteobacteria (ca. 58% of the sequences), whereas the most prevalent phylum in the larvae was Firmicutes (ca. 46% of the sequences) (Figure 2 ). Fifty-five percent of the sequences obtained from the egg masses and only 34% of the sequences from the larvae were classified to the genus taxonomic level.
The dominant genera in the bacterial community associated with the egg masses were: Hydrogenophaga (8.1%), Pseudomonas (5.1%), Acinetobacter (4.9%), Arcobacter (4.2%), Acidovorax (3.8%), Aeromonas (1.6%), Aquabacterium (1.5%) and Dechloromonas (1.4%) ( Table 1 and Supplementary Table S1 ). These genera were identified in each and every sampled egg mass (Table 1) .
The dominant genera in the bacterial community associated with the larvae were: Desulfovibrio (6.8%), Aeromonas (3.3%), Subdoligranulum (3.3%), Propionibacterium (1.9%), Aeromicrobium (1.8%), Thioflavicoccus (1.7%) and Hydrogenophaga (1.3%). These genera were present in all the larval samples (Table 1  and Supplementary Table S1 ). Sequences that were identified as belonging to the Vibrio genus were found in all the egg mass samples and in one larva. Representative sequences of every Vibrio OTU were separated from other sequences and compared with those available in the GenBank databases for more accurate identification. These OTU representatives were identified as V. cholerae.
Forty percent of the bacterial community associated with the egg masses were found to belong to the same genera or species of various bacteria with known detoxification abilities, or to bacteria that were isolated from polluted sites. In the bacterial community associated with chironomid larvae, the bacteria that were closely related to detoxifying genera comprised 25% of the community (74% of sequences identified to the genus taxonomic level) (Table 1 and Supplementary  Table S1 ).
The most dominant taxon in the bacterial community associated with the larvae was identified as unclassified Firmicutes, comprising 28% of the larval bacterial community on average. Representative sequences of this OTU from all larval samples were compared with those available in the databases to ascertain their closest relatives (Figure 3 ). These sequences were most closely related to Eubacterium sp. (AJ629069) and uncultured bacterium clones NkW01-038 (AB231068), PeM52 (AJ576412) and BOf1-07 (AB288878) (ca. 88% of sequence similarity). This taxon was not found in the bacterial community that was associated with the egg masses.
Culturable metal-resistant isolates from egg masses and larvae Bacterial strains resistant to toxic metals were isolated and identified from egg masses and larvae (Table 2, Supplementary Figure S3) . The isolates were found to be resistant to more than one toxic metal. Some isolates exhibited a higher resistance to one certain metal in comparison with others ( Table 2 ).
The ability of the chironomids' endogenous bacteria to detoxify heavy metals Chromobacterium aquaticum strain YLNALPb2 and Shewanella decolorationis strain YLZn3, which have been isolated from larvae that hatched from untreated egg masses and survived in the presence of toxic metals (unpublished data), were tested for their ability to detoxify lead and hexavalent chromium, respectively. Both species showed the ability to reduce metal concentrations after an incubation period of three days. Ninety-four percent of Pb(NO 3 ) 2 was detoxified in the presence of Chromobacterium aquaticum strain YLNALPb 2 (the Pb(NO 3 ) 2 concentration was reduced 17.3 times (STDEV 3.1)). Shewanella decolorationis strain YLZn3 neutralized 100% of the hexavalent chromium in the medium. Figure 1 The diversity clustering of bacteria associated with six chironomid egg masses and five larvae (squares representing bacterial community associated with two larvae are one above the other). The first two principal coordinates (PC1 and PC2) from the principal coordinate analysis (PCoA) are plotted for each sample. The variance explained by the PCs is indicated in parentheses on the axes. 
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Heavy metal concentration at the sampling site of the chironomids Lead and chromate were not detected in the water from which the chironomids were sampled.
Bioassay experiments
Two experiments were performed to assess the role of endogenous bacteria in protecting their chironomid host from toxicants. The experiments follow the rules of Koch-like postulates (a modified name for Koch's postulates is used here because the insects were disinfected before metal treatment) to demonstrate the role that endogenous bacteria have in their host.
Experiment A. Measuring the survival rate of disinfected larvae in the presence of lead and in the presence of lead supplemented with Chromobacterium aquaticum strain YLNALPb2.
Larvae that hatched from the egg masses without any disinfection treatment survived significantly better in lead-containing solution (77.6%) than the larvae that hatched from the egg masses that were disinfected with savior to remove their endogenous bacteria (30.9%). A supplementation of Chromobacterium aquaticum to the disinfected larvae significantly improved their survival rate (82.3%) (Figure 4a ). The survival rates of larvae in the control treatments were higher than 93% (groups IV and V, larvae that hatched from nondisinfected and disinfected egg masses and were not exposed to lead nitrate). The differences between the survival rates of larvae that were exposed to different treatments were significant according to the Kruskal-Wallis nonparametric test (CHI 2 ¼ 13.674, d f ¼ 2, P ¼ 0.001) (Figure 4a ). Chromobacterium aquaticum was reisolated and identified from the treatment of disinfected larvae that survived in the presence of lead and the supplemented bacteria (according to Koch postulate no. 4). The table presents OTUs that were identified at the genus level, whose prevalence in the sequence reads were at least 1% on average in the egg masses and/or the larvae (except for V. cholerae). About 40% and 25% of all the genera that were identified in the egg masses and larval bacterial communities, respectively, may potentially have detoxifying abilities (only one reference is specified per genus). More identified genera with abundances of less than 1% on average, are described in Supplementary Table S1 .
The role of endogenous bacteria in chironomids Y Senderovich and M Halpern Experiment B. Measuring the survival rate of disinfected larvae in the presence of chromate and in the presence of chromate supplemented with Shewanella decolorationis strain YLZn3. Larvae that hatched from the egg masses without any disinfection treatment and retained their endogenous bacteria, survived significantly better (85%) in the presence of chromate than the larvae that hatched from the egg masses that were disinfected with ethanol to remove their endogenous bacteria (45%). A supplement of Shewanella decolorationis to the disinfected larvae, significantly improved their survival rate in the presence of chromate (83%) (One-Way-analysis of variance (F 4,25 ¼ 9.97, Po0.05, R 2 ¼ 0.615) (Figure 4b) ). The survival rates of larvae in the control treatment groups IV and V without toxic chromate, were high (97% and 75% respectively). The post-hoc Tukey's test demonstrated that the disinfected larvae that were exposed to chromate, survived in a significantly lower rate compared with all the other treatments (Figure 4b ). Here too, as was demonstrated in experiment A, Shewanella decolorationis was isolated and identified from the surviving disinfected larvae that were supplemented with chromate and bacteria, demonstrating the protecting role of the bacteria in the larvae.
Discussion
Bacterial communities in chironomid egg masses and larvae A stable endogenous bacterial community in chironomid egg masses and larvae was demonstrated by using the 454-pyrosequencing (Figure 1 , Table 1 and  Supplementary Table S1 ). Similar results for the association between the bacterial community and the egg masses were obtained by using denaturating gradient gel electrophoresis (Senderovich and Halpern, 2012) . The PCR-denaturating gradient gel electrophoresis of egg masses that were sampled during a 5-month period revealed a unique banding pattern which didn't change significantly along the sampling period. To the best of our knowledge, this is the first study that explores bacterial community in chironomid larvae.
Bacterial community in egg masses was found to be more diverse and significantly different than that of the larvae (ca. 1000 OTUs in the egg mass samples, versus ca. 580 OTUs in larva samples) (Figures 1 and 2, Supplementary Figures S1 and S2 ). The differences between the two life stages may be due to a dominant unidentified Firmicutes OTU (28%) that was found in all the larval samples. The closest relatives of the dominant larval OTU ( Figure 3) were: a clone (AB231068) identified from the gut wall of termites (Nakajima et al., 2006) , a clone (AJ576412) identified from the hindgut of Pachnoda ephippiata larvae (Egert et al., 2003) and a clone (AB288878) identified from a fungus-growing termite (Shinzato et al., 2007) . It has been suggested that these bacteria have symbiotic relationships with their hosts and may have a role in their nutrition digestion (Egert et al., 2003; Nakajima et al., 2006; Shinzato et al., 2007) . More research is needed to verify the hypothesis regarding the symbiotic relationships between chironomids' larvae and this unclassified Firmicutes.
V. cholerae and Aeromonas as inhabitants of chironomids V. cholerae has been found previously as a stable inhabitant of chironomid egg masses and flying adults (Broza and Halpern, 2001; Halpern et al., 2003 Halpern et al., , 2004 Halpern et al., , 2006 Halpern et al., , 2007a Broza et al., 2005; Senderovich et al., 2008; Halpern, 2011 ). In the current study, V. cholerae was identified in all chironomid egg mass samples. It comprised a minor portion of the bacterial community in the egg mass (0.2% on average), as was found in a previous study (Halpern et al., 2007a) . V. cholerae was identified only from one of the larval samples with relatively high abundance of 1.7% of the total bacterial community in this sample. A possible explanation for the absence of V. cholerae in the other four larval samples could be the presence of the dominant OTU in the larvae that masked the identification of species with relatively low abundances. Figure 3 Representatives of the major OTU in the bacterial community associated with chironomid larvae, identified as unclassified Firmicutes (three sequences from each sample a-c were taken from five larva samples, L1-L5) (the accession numbers of these sequences are JQ431134-JQ431148). The phylogenetic tree represents the unclassified Firmicutes and their relatives from the EzTaxon server (http://www.eztaxon.org/) and PubMed database (http://www.ncbi.nlm.nih.gov/pubmed/). The sequence alignments were performed using the CLUSTAL W program, and the tree was generated using the neighbor-joining method with Kimura 2 parameter distances in MEGA 4.1 software (Tamura et al., 2007) . Bootstrap values (from 1000 replicates) greater than 50% are shown at the branch points. The bar indicates a 2% sequence divergence.
The role of endogenous bacteria in chironomids Y Senderovich and M Halpern
Chironomus sp. egg masses have also been implicated as a natural reservoir of pathogenic Aeromonas species (Senderovich et al., 2008; Figueras et al., 2011; Beaz-Hidalgo et al., 2012 ). In the current study, Aeromonas was identified in all the egg masses and the larval samples, comprising an average of 1.6% and 3.3% of the bacterial communities in the egg masses and the larvae, respectively (Table 1) . These results again demonstrate that Aeromonas is a stable resident in the chironomid niche. Some of the Aeromonas isolates have previously been found to degrade chironomid egg masses into individual eggs, which might affect egg's hatching (Senderovich et al., 2008 ). In the current study, culturable Aeromonas isolates showed the ability to detoxify toxic metals (Table 2) . These properties of Aeromonas isolates should be further investigated to understand the relationships between Aeromonas and chironomids.
The possible protective role of endogenous bacteria in chironomids About 40% of the bacterial community associated with the egg masses and 25% of the bacterial community associated with the larvae were found to be closely related to bacteria that are known as degraders of various toxicants (Table 1 and  Supplementary Table S1 ). The total percentage of detoxifying bacteria in the bacterial community associated with the larvae is smaller than in those associated with the egg masses. This is most likely because of the overabundance of the dominant larval OTU (Figure 3) . Nevertheless, the most Chironomids were collected from Tivon WSP. The bacteria were isolated on LB medium or on LB supplemented with 5 mM of a toxic heavy metal. The resistance of the isolates to heavy metals was evaluated on LB medium with different concentrations of various metals. Strains 3K1C27, 7T1C7 and 5T2C34 are from Figueras et al, 2011. Strains YLCU2, YEMCu34, YMCu9, YLPb50, YEMZn þ 30, YLZn18, YLCr4, SPCr1, YLCr14 and YEMPB10 are from Senderovich and .
The role of endogenous bacteria in chironomids Y Senderovich and M Halpern 2154 prevalent detoxifying genera that were found in all the egg mass samples (Hydrogenophaga, Acidovorax, Dechloromonas, Comamonas, Diaphorobacter, Pseudomonas, Acinetobacter and Aeromonas) were also present in almost all the larval samples (Table 1) . OTUs belonging to the genus Leucobacter were found in all the egg mass samples and in three out of five larval samples (Supplementary Table S1 ). Recently, we have isolated a novel species of Leucobacter from a chironomid egg mass, which was identified and characterized by us as Leucobacter chironomi sp. nov. (Halpern et al., 2009a) . This species displayed high chromate resistance (18.0 mM Cr(VI)) although it was isolated on LB agar plate and from an environment that was not polluted with toxic chromate (Halpern et al., 2009a) . Chironomids are considered pollution tolerant (Winner et al., 1980; Cranston, 1995; Thorne and Williams, 1997; Richardson and Kiffney, 2000) . It has been shown that chironomids are able to acclimate and adapt to metals in their environment (Miller and Hendricks, 1996; Groenendijk et al., 2002) . However, the mechanisms for these adaptations are not clear. It was suggested that they excrete the metals (Postma et al., 1996; Groenendijk et al., 1999) or bind them with metal-binding proteins (Yamamura et al., 1983 ). Here we demonstrate that endogenous bacteria have a role in protecting the insect from pollutants. Culturable endogenous bacteria that showed resistance to toxic metals were isolated from chironomid egg masses and larvae (Table 2, Supplementary Figure S3) . Moreover, Koch-like postulates were applied to demonstrate that specific bacterial species that were isolated from the larvae have a role in protecting chironomid larvae from toxic metals.
Application of Koch-like postulates to provide evidence for the role of endogenous bacteria in chironomids Chromium is one of the major sources of environmental pollution (Komori et al., 1990; Desh and Gupta, 1991) . It can permeate through biological membranes and interact with intracellular proteins and nucleic acids (Horitsu et al., 1978) . Lead is a hazardous metal of environmental concern with high persistency. This metal has no biological function and can induce, directly or indirectly, various morphological, physiological and biochemical dysfunctions in different organisms (Shahid et al., 2012) .
Chromobacterium aquaticum strain YLNALPb2 and Shewanella decolorationis strain YLZn3 that were isolated from chironomid larvae, reduced toxic lead (up to 94%) and hexavalent chromium (up to 100%) concentrations, respectively. The role of these species in chironomids was demonstrated in bioassays that tested the survival rate of chironomid larvae in environments containing heavy metals. Untreated larvae that contained endogenous bacteria, survived significantly better in lead nitrate and chromate containing environments, compared with disinfected larvae (Figures 4a and b) . The supplementation of Chromobacterium aquaticum or Shewanella decolorationis to the disinfected larvae in lead or chromate containing environments, respectively, improved the survival rate of the disinfected larvae, significantly (Figures 4a and b) . Following Koch's postulates, Chromobacterium aquaticum and Shewanella decolorationis that were added to the disinfected larvae were reisolated from the larvae that survived in the bioassays (Figures 4a  and b) .
The role of endogenous bacterial community in a host Mutualism (in which both organisms benefit) and commensalism (where one organism benefits Figure 4 Survival of disinfected larvae (mean±s.e.) in the presence of toxic lead (a) or hexavalent chromium (b) with and without the supplementation of chironomid endogenous bacteria. Untreated larvae which retained their endogenous bacteria survived significantly better in metal-contaminated environments compared with disinfected larvae. The addition of endogenous bacteria to the disinfected larvae (Chromobacterium aquaticum to the Pb(NO 3 ) 2 bioassay (a) and Shewanella decolorationis to the K 2 CrO 4 bioassay (b)), improved their survival rate significantly. The added bacterial species were reisolated from the surviving larvae. The letters a or b in figure 4b represent the results of the post-hoc Tukey's test.
The role of endogenous bacteria in chironomids Y Senderovich and M Halpern without affecting the other), between prokaryotes and eukaryotes are well-known phenomena (for example, Friedrich et al., 2001; Rohwer et al., 2002; Fraune and Bosch, 2007) . These associations between prokaryotes and their larger hosts were recently demonstrated in the hologenome theory of evolution. According to this theory, the holobiont (the host together with its endogenous microorganisms) is a unit of selection in evolution (Rosenberg et al., 2007; Zilber-Rosenberg and Rosenberg, 2008; Rosenberg and Zilber-Rosenberg, 2011 ). Here we demonstrate an example for this theory. Chironomids, known as pollution inhabitants, are protected from toxic metals by endogenous bacteria, which help them to survive in metal-contaminated environments. This association is most likely a result of coevolution between the host and its endogenous microorganisms (holobiont). This relationship is of special interest as it could indicate that revision of traditional views of metal accumulation through animal trophic levels, may be too simplistic. Many studies have been conducted in order to better understand the accumulation patterns of metals in different species of invertebrates and fish and between various aquatic systems (freshwater and marine) (reviewed in Wang and Rainbow, 2008) . None of these studies considered the potential detoxification activity of bacteria in this process. Recently, Selvin et al. (2009) found that a marine sponge Fasciospongia cavernosa, is inhabited by bacterial species that showed resistance against Cd and Hg. In another study, multimetal resistance was observed in a bacterial population isolated from coral tissues in coastal water, Indonesia (Sabdono et al., 2012) . These examples demonstrate that, indeed, metal-resistant bacteria inhabit aquatic invertebrates and thus, may help them to survive in metal-polluted environments as was demonstrated here for chironomids.
Conclusions
Using Koch-like postulates, we demonstrated that endogenous bacteria in chironomids have a role in protecting their host from toxic heavy metals. The 454-pyrosequencing of the bacterial communities in chironomids implies that other endogenous species have the potential of protecting the insect from a huge verity of toxicants (for example, other heavy metals, pesticides and aromatic hydrocarbons) (Table 1 and Supplementary Table S1 ). This phenomenon, in which bacteria enable the continued existence of their host in hostile environments, may not be restricted only to chironomids.
